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ALAN 0LNESS*, ].A. STARICKA, ].A. DANIEL, G.R. BENOIT, AND ].L. RINKE
ABsTRAcr
Many small prairie potholes receive surface runoff from their catchments and serve as a focal point of
ground water recharge. Soil aeration controls the solubility and form of many soil chemicals. Platinum
electrodes are sensitive to oxygen and provide a very sensitive indicator of its presence. Electrodes were
installed at the 15-, 30-, and 45-cm depth across two transects within a shallow, cultivated depression
which serves as a recharge site for groundwater. Soils on the rim of the depression remained aerobic
throughout two consecutive cropping years even at 45 em. Soils within the depression became anaerobic
briefly in the ftrst year and very intensely anaerobic in the second year. Electrode potentials decreased
with depth. Values of -250 mV were measured at 45 em and these values suggest that sulfate-S was
reduced to sulftde-S within the depression. Because the subsoil was anaerobic, all nitrate-N should be
reduced to nitrogen gas. Thus, leaching of nitrate-N into the groundwater during the growing season is
a very unlikely event. The degree of anaerobiosis was sufficient to dissolve iron and manganese oxides;
organic chemicals adsorbed to these oxide surfaces may be at increased risk of leaching into groundwater.
INTRODUCfiON

Shallow surficial depressions are a common
feature of the northern Great Plains prairies; so much
so, that this is referred to as the prairie pothole region
(PPR; 1). Much of this region is intensively cultivated
for small grain production. Many of these depressions
are 'closed catchments'; that is, they collect surface
runoff from rainfall and snowmelt but lack a surface
drainage outlet. Water often ponds briefly on the soil
surface and drains slowly to an underlying
groundwater reservoir or, in the more arid regions,
evaporates. In instances where ponding occurs for
brief periods, farmers have been able to eliminate
ponding and cultivate many shallow potholes with tile
or ditch drainage.
As a consequence, cultivated potholes may serve
as collection sites for agricultural chemicals such as
herbicides, insecticides, and fertilizer nutrients such as
nitrate-N (No 3--N). The fate of these chemicals is
directly affected by the relative aeration maintained in
the soil profile. For example, when soil microbial
activity exhausts oxygen C0 2) from the soil
atmosphere, 0 2 is taken from soil oxides including
No 3--N to satisfy respiratory needs. In the process,
NOf-N is reduced to harmless N2 gas and other
reduced forms. If the soil profile remains aerated,
however, No3--N can be leached into the groundwater. Also, many pesticides are strongly adsorbed on
soil organic matter, but those which are adsorbed on

amorphous Fe- and Mn-oxides may be made more
soluble under anaerobic conditions when Fe and Mn
are reduced to soluble divalent forms, (2, 3, 4, 5).
When gas diffusion is impeded by water,
consumption of oxygen due to soil microbial
respiration rather quickly creates anaerobic
environments. Because platinum electrodes potentials
are quite sens1ttve to changes in oxygen
concentrations in soil air, they are useful as sensors of
relative aeration (6, 7, 8, 9). The objective of this study
was to characterize the depression (pothole) with
regard to relative aeration status and to assess the
potential for anaerobiosis, denitrification and chemical
change within the depression.
MATERIALS AND METHODS

The site is located on the Barnes-Aasted
Association research farm about 23 km northeast of
Morris, Minnesota and about 15 km southeast of the
continental divide (Gulf of Mexico - Hudson Bay).
The annual average precipitation is about 581 mm with
about 180 mm (31 %) as snowfall. A shallow cultivated
depression, ~ 2 m in depth, was instrumented with
platinum electrodes. The depression receives runoff
from a closed catchment and functions as a source of
groundwater recharge (10, 11). Surface runoff from a
·catchment of ~ 10 ha collects within an area of about
0.4 ha. In the spring, soil frost, to depths of 0.5 to 1.2
m, forms a barrier to snow melt infiltration and causes
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surface runoff; this ponds briefly, usually in March.
Ponded snowmelt eventually infiltrates rapidly
suggesting preferential flow through fissures created
by frost; recharge may form a mound under the
depression and has raised the groundwater level by as
much as 2 m within 7 days upon infiltration of a 2~m
deep reservoir (12). Groundwater eventually flows
about 600-m distance to nearby Swan Lake, a
flow-through wetland (11) which has a surface
elevation about 15 m lower than the base of the
depression.
Vegetation in an adjacent (neither cultivated nor
drained) depression of similar depth and breadth
consisted mainly of Carex pantculata, with Poly-

~

... ______ , "

~~

,

15

•

14

•

4i>,

,

·<?

I
I

I
I
I

I

' ' ..

371.2

_____ ..

.

gonum cocctneum, Cyperus acuminatus, 7balictrum
dasycatpum, and Spartina pecttnata. Other species
present were Ltatrls pycnostacbya, Gentiana
andrewstt, Apocynum cannabinous, Saltx petiolarls,
Spiraea alba, Vernonia fasiculata, and Phlox pilosa.
Soil within the depression is a Parnell silty clay
loam (Typic argiaquoll, fine, montmorillonitic, frigid)
with Vallers silty clay loam (Typic calciaquoll,
fme-loamy, frigid) on the north and east rim and
Hamerly clay loam (Aerie calciaquoll, fine-loamy,
frigid) on the south and west rim of the depression.
The depression had been equipped with a tile drain
several decades earlier and this drain was deliberately
plugged during the study. Twenty sets of platinized
platinum electrodes were installed in groups of three
along two transects in the depression; the relative
elevations and distances are detailed in Figures 1 and
2. Electrodes were inserted in mid-May after planting
and removed at the end of October after harvest so
early pre-plant and late post-harvest season data were
not obtained. After harvest, soil temperatures gradually
decrease and microbial activity also decreases. A
ground water monitoring well was installed near the
center of the depression.
Electrodes consisted of 64-~ diameter, platinized
platinum wire, which extended 1 em from the base of
a 2. ~ diameter PVC tube stoppered at both ends
with a no. 2 rubber stopper. The platinum wire was
soldered to an insulated copper wire that extended
about 15 em beyond the opposite end of the PVC tube.
Electrodes were platinized and standardized using a
0.1M ferric-ferrous ammonium sulfate solution (13).
Electrodes that varied from a standard potential by 10
mV at 20 °C were rejected for use. PVC housings of
electrodes were 30, 45, and 60 em in length; this length
permitted a 15-cm extension above the soil surface.
All joints were sealed with an epoxy glue.
Salt bridges were constructed from ~m lengths
of 2.5-cm diameter PVC tubing and vented at 5, 20,
and 35 em distance from the base (14). Vents were
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Fig. 1. Location of platinum electrode
installations within the depression. Lines
represent surface elevation.
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Fig. 2. Relative elevation of individual platinum
electrodes in two transects through a cultivated
shallow depression. The solid line without
symbols represents the soil surface. The vertical
axis has been exaggerated.

SThe USDA neither guarantees nor warrants the standard of the product, and the use of the name does not imply approval of
the product to the exclusion of others that may be suitable.
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covered with a Whatman no. 40 filter paper to prevent
loss of agar and the bridges were then filled with
liquid KCI-agar (about 30 g agar and 350 g KCl L-1).
Phenol (10 mg L-1) was added to the agar to inhibit
microbial growth.
Electrodes were installed by withdrawing a 2. s-cm
diameter core with a Hoffer tube and then inserting
the electrode firmly into the soil. Clay from the subsoil
was used to effect a seal between the soil and the PVC
housings at the soil surface. Electrodes were placed in
a circular pattern around a salt bridge at 15-, 30--, and
45-cm depths with each electrode located about 10 em
from a vent in the salt bridge. Potential measurements
were recorded at near-weekly intervals using a
portable, battery-powered multimeter. Values were
adjusted to pH of 7.0 and to the calomel electrode
( +247 mV); no corrections are made for temperature (1
mV oc-1) nor ionic strength/activity effects. Thermal
coefficients for each electrode were uniform (p ~
0.05), and potentials increased at the rate of 1 mV
oc-1.
Soil extracted for insertion of the electrodes,
piezometers, and neutron moisture monitoring access
tubes was saved and processed for additional chemical
characterization (results from piezometer and neutron
moisture monitoring are reported elsewhere [12D.
General soil characteristics are given in Table 1. Soil
pH was determined using a 1:2 soil:water paste (15).
Organic carbon was determined using the modified
Mebius method (16). Exchangeable cations were
extracted with 1 N NH40Ac and concentrations
determined using a Varian model 475 Atomic
Absorption Spectrophotometer. Total phosphorus (P)
was determined on perchloric acid-nitric acid digests.
Total Keldahl nitrogen (TKN) was determined using
the method of Mulvaney and Bremner (17).
Ammonium- and nitrate-N were determined using US
EPA (18) methodology and an Alpkem 300 series
autoanalyzer. Available P was determined using the
bicarbonate method (19).
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The monitoring site can generally be divided into
two areas: those areas which maintained an aerobic
condition throughout the season and those areas
which become anaerobic during rather wet periods.
Location 5 is an example of electrode potentials on the
rim of the depression which remained aerobic and
well oxidized even during rather wet periods (Figs. 3
a and b). In 1991, the growing season was rather
moist and warm and rim soils remained aerated even
at a depth of 45 em with only brief episodes of
anaerobiosis at the 45-cm depth in late August and
again in October. In 1992, the growing season was
moist and cool during the spring and a slight change
in aeration occurred at the 15-cm depth after a 50--mm
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Fig. 3a and b. Electrode potentials at locations S
(rim) and 7 (within the depression) relative
to the calomel electrode and rainfall throughout
the growing seasons of 1991 and 1992. The
dotted line at 300 mV represents the llmlt
at which No3--N is found.
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Table 1. Soil chemical characteristics within the study sitet.

0 to lS

Depth (em)
lS to 30

30 to 4S

8.25 ± o.o6
3.88 ± 0.81

8.41 ± 0.09
2.92 ± 0.62

8.51 ± 0.23
1.6o ± 0.28

0.39 ± 0.07
3.66 ± 0.71
9.74 ± 0.91

0.27 ± 0.07
2.26 ± 1.27
7.22 ± 3.52

0.15 ± 0.07
0.85 ± 0.22
5.20 ± 1.79

563 ± 130
13.9 ± 6.4

463 ± 85
7.40 ± 3.46

344 ± 139
2.78 ± 1.95

± 0.36
± 0.26
±57
± 25

5.66 ± 1.34
0.99 ± 0.20
129 ± 7
58± 12

4.95
1.11
132
75

Characteristic

pH
Organic Carbon,%
Nitrogen
Total Kjeldahl N, %
No3--N, ug g-1
No 4+-N, ug g-1
Phosphorus
Total, ug g-1
Available, ug g-1
Extractable Cations
ca2+, mg g-1
Mg2+, mg g-1
K+, ug g-1
Na+, ug g-1

6.03
1.02
184
63

t Soil Samples collected July 17, 1991. Values represent mean ± standard deviation for all sites (n
rainfall event in mid-June and again after a rather dry
period in late August. With moderate slope and
unimpeded surface drainage, these soils maintain a
largely aerobic character during the growing season.
While mean aeration declines with depth, denitrification probably remains at a minimal rate in sites
having potentials greater than 400 mY.
In contrast, in the depression at Location 7, the
Parnell soil became anaerobic rather quickly at the
15-cm depth after a rather wet period in May, 1991
(Figs. 3 a and b). Minimal values of about -250 mV
were recorded briefly at 15-cm and often at the 45-cm
depths. Potential values suggest denitrification would
occur at the 30-cm depth but it remained intermediate
between the 15- and 45-cm depths. In the fall, soil
cools and microbial respiration begins to diminish; the
electrode potentials show a general increase in
aeration during the fall and winter. September of 1991
was cool and moist and the profile remained moist
into the following spring. In May 1992, measurements
at Location 7 showed a large shift to more anaerobic
conditions early and this state persisted until
mid-August at the 15-cm depth and remained quite
anaerobic throughout the 30- and 45-cm depth zones.
In late August, electrode potentials became more
oxidized in the surface zones of the Parnell soil and
gradually increased at the 30-cm depth in
mid-September. However, the 45-cm depth zone
remained at about -250 mV throughout the entire
season despite a mild drought in the second half of the
growing season.
Within the recharge site a rather large volume of
soil becomes anaerobic when rainfall and runoff

38

± 1.04
± 0.22
± 48
± 30
=

20).

exceed evapotranspiration and soil transmission rates
(Fig. 4). Within this volume of soil, the content of
combined oxygen which is microbially accessible and
the rates of oxygen diffusion and oxygen consumption
determine the degree of anaerobiosis at any point in
the profile. Any nitrate which leaches into this zone
will be quickly converted to N2 gas. Thus, contamination of the groundwater with nitrate as a result
of agricultural activity is unlikely except during the
annual spring recharge which occurs while much of
the soil is still frozen. Rather large differences in
electrode potential occur over short distances in some
soil zones. Usually electrode potentials are more
reduced at greater depths, but in some instances
intermediate zones may be more or less reduced than
their surroundings (Fig. 4). These occlusions probably
develop as a response to variable water movement
and microbial respiration.
Soil may be regarded as a heterogeneous mixture
of rnicrosites having varying degrees of aeration and
microbial respiration. As soil water content increases,
the number of microsites which become anaerobic
increases until all soil pores are filled with water and
anaerobiosis is achieved. As oxygen is exhausted,
some soil microorganisms continue to respire by extracting oxygen from combined forms such as No 3--N,
Fe- and Mn-oxides, sulfates, etc. While the effect of
wetting can be generally described, the relative
distribution of anaerobic microsites at any moisture
content during a wetting or drying cycle is unknown.
Fine textured soils, such as the Parnell, Vallers,
and Hamerly, retain enough water to fill about half of
the soil void volume even under the driest conditions.
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Fig. 4. A cross sectional representation of
electrode potentials on July 15, 1992 (calendar
date 196) along the northeast-southwest transect.
The vertical axis has been exaggerated.
Thus, their potential to accept water is limited and the
remaining air space is quickly filled with rather small
amounts of water despite very slow saturated
conductivities of Io-6 to 10-8 em day--1. As a result,
even small amounts of rainfall can inhibit oxygen
diffusion and cause a change in the potentials of
platinum electrodes.
Platinum electrodes are essentially a collection of
sensing sites with dimensions on the order of
molecular oxygen. Thus, the reading obtained with
the multimeter is an average of the soil environments
within which the electrode is located. In homogenous
environments, No 3--N is reduced usually to N2 at
electrode values of about 300 mY, Fe3+ to Fe2+ at
about 200 mY and Mn3,4+ to Mn2+ at about 100 mY.
At potential values of -150 mY and pH of 7, sulfate-S
(S04 2--S) is reduced to sulfide. Thus, at potentials of
300 mY little N03--N should remain or be leached to
groundwater. Daniel and Staricka (12) found only
trace amounts of No 3--N entering groundwater during
the growing season and this observation supports the
conclusion that it is denitrified in depressional
environments. This contrasts with the much greater
concentrations of both No 3--N and NH 4+_N obtained
on infiltration of snow melt to the groundwater in the
spring (12). Thus, after the soil thaws, the main path
of N03--N loss appears to be denitrification in focused
groundwater recharge and flow-through sites. In
arable sites which remain aerobic, leaching appears
the most important pathway of No 3--N to groundwater. The total amount of No 3--N lost is a function
of the rate of nitrification under aerobic conditions and
the amounts of N03--N carried to the depression
under anaerobic conditions.

Vol. 59, No. 4, 1995

Richardson et al (11) note that recharge
depressions have rather leached profiles. At potentials
of -240 mY, the reduced forms of Fe and Mn are quite
soluble. With time and general leaching of the profile,
soil within the depression becomes depleted of these
elements. As Fe and Mn become leached from a
recharge site, subsequent buffering to change
decreases and sites may reach greater degrees of
anaerobiosis much more rapidly. Thus the degree of
leaching and the rate and degree to which a recharge
site becomes anaerobic may be a diagnostic
classification tool.
One consequence of cyclic anaerobiosis is the
continual recombining of elements into their most
insoluble forms . An example is phosphate-phosphorus (P043-_p) which is usually applied as a readily
soluble KH2P04, (NH4)2HP04, or acidic form. On
oxidation, soluble Fe 2+ goes to Fe3+ and combines
with P043_p and other elements to form less soluble
precipitates. This recombination is often expressed in
subsequent cultivated crops as P deficiency and Fe
chlorosis; both are associated with depressional
environments and wet soils.
CONCLUSIONS

Without augmented drainage, soil within a
cultivated prairie depression, which served as a focus
for groundwater recharge, remained anaerobic
through much of two growing seasons. Soils around
the edge of the depression remained aerobic even at
a depth of 45 em. Because the degree of anaerobiosis
within the depression was great enough to reduce
No3--N, Fe- and Mn- oxides, and so42-s, focused
recharge during the growing season is unlikely to
contibute No 3--N to the ground water. This contrasts
with snow- and frost-melt recharge which is a means
of transport of No 3--N in the ground water.
The
tendency to become anaerobic without tile or surface
drainage is one of the reasons crop producers often
resort to enhancing drainage by installing tile lines or
surface ditching.
Dissolution of Fe- and Mn-oxides may enhance
leaching of organic chemicals which have an affinity
for these oxide surfaces. The solubilization of these
two common oxides creates a special chemical
environment within the depression.
Once an
anaerobic environment has been created, the subsoil
is slow to re-oxidize even after a prolonged period of
mild drought. Restoration of an aerated status at the
4~cm depth depends on oxygen consumption of the
microbial community in the upper zones of the soil
profile and soil water content. During periods of
prolonged drought, soil within the depression
oxidizes; longer observation periods (on the order of
decades and centuries) are needed to develop an
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appreciation for oxidation cycles within shallow,
cultivated, poorly drained prairie pothole depressions.
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